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1. smm~Y 
The rapld development of hovercraft dur1ng the past decade has 
lnvolved a concentrated effort on research and development to 
overcome the problems associated with a new form of transport. 
Some of the problems have not yet been solved and, 1n part1cular, 
the quest10n of r1de and stab1lity characteristics 1S most important. 
An exper1mental and theoretical study has been made to achieve 
a method of predict10n of st1ffness and damping parameters through 
the change of cushion pressure during forcing of the cush1on. 
The experimental study was based init1ally on a fixed model 
hovercraft suspended over a 'p1tching-heav1ng' table capable of 
perform1ng slnusoidal mot1ons w1th ampl1tudes up to ± 3 lnches and 
wlth forc1ng frequencies up to 5 Hz. The tests performed included 
a ser1es of heave, p1tch and comb1ned pitch and heave inputs. 
Parameters measured during these tests were pressures at seventeen 
pressure tapp1ngs sltuated throughout the model hovercraft, a1r 
volume flow through the fan 1ntake. fan speed, and table 
d1splacement, all recorded on a U-V oscillograph. More emphasis 
was placed on the heave tests as 1t was cons1dered to be the 
predominant mot1on of a hovercraft. and could be compared w1th a 
theory developed for small motions in heave by Wheatley (Ref. 8). 
Theoret1cal work on the predict10n of cushion pressure change 
w1th the model f,xed was 1n1tially based on the theory of Wheatley, 
but as this made assumptions restricting the hovercraft to small 
mot1ons, an extension of the theory to cover large motions relatlve 
to the cushion depth was made. This was unsuccessful due to 
1. 
d,scont,nuit1es 1n the equat,ons def,n1ng the pressure-changes and was 
d,scarded 1n favour of a s,mpler method based on observation of the 
exper,mental work, and ,n particular on the behav,our of the skirt. 
From these observat,ons, a theory was developed on the basis of a 
'dynam,c' heave st1ffness, and also that damping need only be 
cons,dered to be present dur,ng the compress,on of the air cushion, 
and dur,ng the rema,nder of the forc1ng cycle stiffness only 
predom,nates. 
As the mot,ons of the forc,ng surface were large induc,ng 
correspondingly large changes in pressure and volume flow, it was 
felt that a quadrat1c expreSS10n for the fan characterist1c was more 
representative of the fan behaviour than the linear expression 1n 
IVheatley's theory. A combinat,on of the above observations with 
Wheatley"s theory correlated well with experimental results over 
the ampl1tude and frequency range tested. 
A further ser1es of exper,mental invest'gations was carr,ed 
out w,th the model free to pitch and heave but constrained in roll 
and yaw. The model was aga,n subjected to ,nputs of heave, pitch, 
and comb,ned p1tch and heave, the model displacement measured by a 
ser1es of four potent,ometers, all other parameters be1ng measured 
as prev1ously. 
The theoret,cal study of the free model used the same extended 
theory developed 'n the f,xed model study. Here aga,n the 
correlat,on between theoret,cal and exper,mental results was good 
for the heave cases considered. 
No theory has been developed for the p1tch, and comb1ned 
p,tch and heave cases, and therefore no correlation has been 
2. 
3. 
poss~ble. A poss~ble approach has been suggested and further 
theoret~cal work ~s needed ~n this area. 
The mot~on of the model hovercraft dur~ng pitch and combined 
p~tch and heave forc~ng was small at frequenc~es above and below 
the resonant frequency (approximately 0.9 Hz). However, at the 
resonant pitch frequenc~mot~on was violent resulting ~n large 
changes of p~tch angle and hoverhe~ght, but with correspondingly 
small changes in cushion pressure and air volume flow. 
The pressure distribution over the base of the craft was 
sens~bly constant at any ~nstant of time, and therefore the 
st~ffness of the cush~on in pitch was not prov~ded by a pressure 
grad~ent ~n the a~r cush~on. It was found that p~tch stiffness 
was attributable solely to the change of the centre of pressure 
of the a1r cush~on, thereby providing a restor~ng moment. 
2. LIST OF SYMBOLS 
CE Coeff1c1ent of discharge at cushion exit 
CF Coeff1c1ent of discharge at cush10n entry 
c Heave damping of air cush10n due to pressure change 
fl CUsh10n system coeff1cient (see Section 4.2) 
F Fan coeffic1ent (see Sect10n 4.2 and Fig. 6) 
FC Mod1fied Fan coeffic1ent (see Section 5) 
g Accelerat10n due to gravity 
H Total pressure head de11vered by fan relat1ve to atmosphere 
h Mean height of cush10n exit area 1n stat1c cond1tions 
e 
k Heave stiffness of a1r cushion due to pressure change 
M Amp11tude rat10 of l1near second order system 
Pc CUsh10n pressure relat1ve to atmosphere 
Pc CUsh10n pressure/fan pressure rat10 (see Section 4.2) 
Q Volume flow through cush10n system 
QO Maximum volume flow de11very of fan (see F1g. 6) 
Qc Rate of change of cush10n volume (see Sect10n 4.2) 
qc Dynam1c head in cushion due to volume flow 
S CUsh10n area 
c 
SE CUsh10n exit area 
SF CUsh10n feed area 
W We1ght of craft 
z Relat1ve heave displacement between craft and surface 
z Rate of change of heave displacement between craft and surface 
z Displacement of surface heave mot10n 
1 
z Rate of change of displacement of surface heave motion 
1 
z D1splacement of craft heave motion 
o 
z Rate of change of displacement of craft heave mot10n 
o 
e 
Constant of l1near fan character1st1c at constant fan r.p.m. 
Slope of l1near fan character1st1c at constant fan r.p.m. 
Damping coeff1c1ent of a1r cushion in heave 
P1tch angle of surface mot10n 
Air density 
Frequency of vibrat10n of surface 
Undamped natural frequency of air cushion 1n heave 
5 • 
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3. INTRODUCTION 
The development of hovercraft from the early 'coffee-tin' 
exper1ment of Cockerell, and the des1gn of the flexible sk1rt by 
Lat1mer-Needham, to the present large cross-channel craft such as 
SRN 4, has proceeded rap1dly from 1959 when SRN 1 first hovered. 
The problems posed by such a revolutionary form of transport have 
1nvolved a large effort on research and development, but some of 
these problems are st111 not completely solved and a better understand1ng 
of the assoc1ated phenomena is urgently requ1red. 
The idea of hovercraft or ground effect machines (G.E.M.s), 
however, 1S not new. The f1rst recorded proposal for a form of 
ground effect mach1ne was made by Emanuel Swedenborg, a Swedish 
, 
sC1ent1st in 1716. It was des1gned to be powered by 'air oars' 
but 1t is obv10us from his writ1ngs that Swedenborg knew 1t would not 
fly but he appeared conf1dent that the problem of flight would one 
day be solved. 
One of the most signif1cant early proposals made for the 
des1gn of an air cush10n mach1ne was by Johq Ward 1n the U.S.A. 
during 1876. Ward used a senes of blowers, each one be1ng encased 
1n the s1de of the machine, rece1v1ng a1r from s1de open1ngs and 
d1scharg1ng it vert1cally through the base. In 1877, Ward 
1mproved h1S suggestion by coupling the peripheral air ducts to the 
central fan casing. 
Inventors all over the World have attempted over the past 
hundred years to reduce fr1ction between water and the various types 
of marine craft. The major1ty of these entailed the blowing of air 
6 • 
through slots or holes on the unders1de of the hull but none appear 
to have been particularly successful, although an air cush10n 
torpedo-boat built for the Austr1an Navy 1n 1916 did reach a 
speed of 40 knots. 
One of the earliest researchers into the phenomena of 
"ground effect" was A. U. Alcock, an Austra11an, who demonstrated, 
1n 1912, a work1ng model of a hovercraft. The model was simply 
a platform of wood 4 ft. x 4 ft. x 2 in. on which was mounted an 
electric motor dr1v1ng a compressor and propeller. A1r from the 
compressor was pumped beneath the platform through a single orifice 
to provide a cushion. The propeller provided thrust to move the 
, 
model and the 1nventor called th1s mode of travel 'float1ng traction. 
Prov1sional Patents were taken out 1n Austra11a in 1914, but since 
the 1nv~ntor received no back1ng, they were not proceeded w1th. 
Ram wing research uS1ng ground effect received cons1derable 
attent10n particularly by D. K. Warner in the U.S.A. from 
1928-1940 and a large number of Patents are held by h1m. Kaario 
1n Finland also p10neered the ground effect pr1nc1ple build1ng and 
test1ng h1s f1rst machine 1n 1935. 
In this country, 1nterest was rev1ved by Cockerell's 
persistance 1n f1nding a sU1table means of inJecting a layer of 
a1r beneath a boat and gett1ng it to rema1n there in order to 
reduce the effect of fr1ct10n. Cockerell's story is well known 
and h1s efforts culm1nated 1n the grant1ng of patents relating to 
hovercraft as we ndw know them in 1955 and 1958, and the launch1ng 
of SRN 1 in 1959. 
This craft was intended purely for research into the 
7 . 
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many unknown factors of hovercraft. Its orig1nal configuration was 
a rectangular centre section with two semi-circular ends, be1ng 
31.5 ft. long and 25 ft. w1de. The hoverheight of the original craft 
was approx1mately 1 ft., and the cushion was contained by two 
concentr1c a1r jets 1n order that stability at that hoverheight 
could be ma1nta1ned (see p.13). The SRN 1 made history on 
25th July, 1959, when 1t crossed the Channel from Calais to Dover, 
1tS max1mum air speed being about 25 knots and propulsion be1ng 
provided by air bled from the main air supply. As more experience 
was ga1ned with the craft, 1t was mod1fied to 1ncrease 1tS 
capabi11t1es. Bow and stern stuctures were added to study 
stability and control problems, and a jet engine added to increase 
speed, but the main problem was 11mited obstacle clearance. Th1S 
was eventually overcome by f1tt1ng 4 ft. sk1rts, follow1ng a series 
of tests w1th 1 ft. flex1ble extensions to the per1pheral jets. 
Th1S final configurat10n eventually reached a speed of 62 knots 
and greatly 1mproved 1tS overall performance. 
The formation in 1960 of the Techn1cal Group of Hovercraft 
Development Ltd., the Company which adm1n1sters all Cockerell's 
patents, led to further research and development 1nto all aspects 
of the hovercraft part1cularly 1n the f1eld of flex1ble sk1rts. 
The f1rst generat10n of hovercraft were pure research vehicles, 
some 1nclud1ng des1gn features that could read11y be changed. An 
example of this type of craft is the H.D.L. H.D. 1, bU11t 1n wood 
1n1t1ally as.a s1dewall type of hovercraft, 1.e. w1th 1mmersed 
sidewalls to seal the a1r-cushion at the s1de and w1th flex1ble 
sk1rts at bow and stern, but later becom1ng a fully amph1bious craft. 
Such was the pattern of research at th1s stage. 
8 . 
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The Saunders-Roe Company and V1ckers, later to merge to form 
the Br1t1sh Hovercraft Corporat10n, both developed early craft. 
Saunders-Roe w1th the Sfu~.2 ran a commerc1al service 1n 
August of 1962, wh11e Vickers with their craft VA.2 ran the 
f1rst commerc1al hovercraft service one month earlier. Services 
developed dur1ng 1963, 1964 and 1965 w1th the appearance of 
the SRN.5 and the longer 38 seat SRN.6. 
NOW, in 1972, hovercraft services are commonplace particularly 
1n the Solent area, with two companies operating two d1stinct types 
of craft; the amph1bious, a1r-propeller driven SRN.6, and the water 
screw propelled s1dewall craft HM.2. Hovercraft are commonplace 
too 1n the Eng11sh Channel w1th the much larger car-carrY1ng 
craft SRN.4. 
It can be seen, therefore, that, in Just over a decade, 
hovercraft are becom1ng accepted as a common source of transport 
although reliab111ty of serV1ce and commercial v1ab111ty have 
been factors in the hesitancy of potent1al operators. 
Development work to improve a craft performance has usually 
gone on concurrently w1th an operational serV1ce due to the costs 
1nvolved and thus baS1c research has perhaps not rece1ved the 
attent10n 1t should. Hovercraft Development Ltd. undertook a good 
deal of research to 1nvest1gate wear and performance of flexible 
sk1rts and hovercraft control systems, but only a relat1vely 
small group of people, w1th Wheatley (Ref. 8) prominent, 1nvest1gated 
the bas1c performance parameters to prov1de a des1gn aid for a more 
stable craft. The Br1t1sh Hovercraft Corporat1on also carr1ed out 
some bas1c research 1nto stabi11ty but the1r results are not 
9. 
generally ava11able and 11ttle compar1son w1th H.D.L. took place. 
Hovercraft research 1n the U.S.A. has developed mainly on 
a theoret1cal bas1s (Refs. 1,2,3,5,7) w1th some model test work 
w1th 11ttle full scale effort unt11 recently when the1r Surface Effect 
Sh1p programme was evolved to des1gn large ocean-going s1dewall 
craft. 
France has also been prominent 1n develop1ng hovercraft 
through the Company Bertin & Cie, but little 1S known of any basic 
research be1ng carr1ed out 1nto the stab11ity of marine hovercraft. 
Bert1n's ma1n effort, however, has been to develop a tracked a1r 
cushion veh~cle, the 'Aerotra1n'. 
If the hovercraft 1S to develop 1nto the successful veh1cle 
1t should be, a number of factors must be taken 1nto account. 
Two of these factors are uppermost; one 15 the amount of noise 
a1r-propelled craft generate, and secondly, the r1de in the craft 
must be smooth and comfortable 1n all but the most v101ent of seas. 
The f1rst problem has rece1ved some attent10n with the use of 
cropped, low t1P speed propellers, but thls remalns a source of 
nU1sance and 1S d1ff1cult to av01d. The preblem of n01se 1S 
d1scussed by Tr1110 1n his book (Ref. 20), the chapter on n01se 
be1ng based on one of h1s papers (Ref. 21). The use of water screws 
to propel hovercraft has made them qU1eter both 1nternally and 
externally, e.g. VT.l and HM.2. 
The second problem 1S fundamental and des1gn techn1ques can be 
evolved to ensure a r1de well with1n the max1mum accelerat10n levels 
for passenger comfort. There are no accelerat10n levels for comfort 
la1d down but 1t is generally accepted that 0.08 to 0.1 'g' is an 
IU. 
average max1mum accelerat10n. It has been shown by var10US authors 
(Dav1es and Poland (Ref. 4) and Eames (Ref. 5) ) that the 
suspenS10n of a hovercraft even when treated as a spring and damper 
1n parallel 15 non-11near. However, th1s 'non-11nearity' can 
be treated 1n a linear manner 1f the relat1ve movement between the 
hovercraft and the surface (land or water) 1S small. This was the 
bas1s of a theory put forward by Wheatley (Ref. 8) and later 
extended for larger m~vements 1n heave and p1tch by Hogben and 
Reynolds (unpubl1shed). 
It 1S the overall problem of the dynam1cs of a hovercraft 
in heave and p1tch that 1S the concern of this thesis 1n an 
attempt to prov1de a further design a1d. 
• 
H. 
• 
4. TIIEORETICAL DISCUSSION 
A problem Wh1Ch has assumed cons1derable 1mportance,part1cularly 
when cons1dering passenger carry1ng app11cat10ns, 1S the stabi11ty 
and r1de of the hovercraft. Exclud1ng such extreme occurrences as 
'plough-1n' and subsequent overturn1ng, general stab111ty, water 
contact and accelerat10n levels have rece1ved relat1vely scant attention. 
The problem 1S a d1ff1cult one w1th S1X degrees of freedom 
super1mposed on an a1r-water 1nterface. In aircraft stab111ty 
stud1es, six components of mot10n must be cons1dered but there 1S 
no 1nterface or wave effect, and for ship stab111ty, the contribut10n 
due to w1nd 1S usually relat1vely small and may be neglected. W1th 
the hovercraft, however, contr1but10ns to forces and movements 
due to both w1nd and waves may be of the same magn1tude thus 
mak1ng Solut10n of the stab111ty equat10ns comp11cated. 
In the follow1ng d1Scuss10n, theoret1cal approaches to 
the stab111ty of three systems; 
(1) The Per1pheral Jet, 
(2) The Plenum Craft with Small Osc111at10ns, and 
(3) The Plenum Craft w1th Large Osc111at10ns and 
Sk1rt Deflect10ns, 
are exam1ned. The performance of a fan 1n a hovercraft system is 
also discussed 1n relat10n to 1ts effect on stab111ty. The effect 
of forward speed on the stab111ty of the cush10n, although 
d1scussed by some authors, ego Alexander (Ref. 22), w11l not be 
cons1dered here. 
12 . 
4.1 .The Per1pheral Jet 
The early types of hovercraft such as SRN.l and CC.2 
were based on the per1pheral Jet or 'air-curta1n' system of 
a1r cush10n (F1g. 1) unt11 superseded by the development of the 
flex1ble skirt. Although there 1S now 11ttle pract1cal interest 
1n per1pheral jets, work 1S still apparently proceeding as a 
number of papers were pub11shed 1n 1970. 
A paper by Tu11n (Ref. 1) 1n 1959, treated the heave 
mot~on of a peripheral jet G.E.M. as "overfeed~ng" and "tmderfeedl.ng" 
as 1t approaches or leaves the surface respect,vely. The 
"overfeed1ng" case 1S shown 1n F1g. 2b where the rate of change 
of cush10n pressure is 1nsuffic1ent to balance the momentum flow 
1n the edge jet, and part of th1s momentum 1S then deflected 1nto 
the a1r cush10n. "Underfeed1ng" (F1g. 2a) occurs when the rate 
of change of pressure 1n the cush10n 1S such that the hor1zontal 
force cannot be susta1ned by the edge jets, and the cush,on 
"bursts" causl.ng the cushl.on pressure to decrease, the escapl.ng 
a1r 11ft1ng the edge Jets from the ground. 
Webster (Ref. 2) used Tul1n' S treatment of "underfed" 
and "overfed" Jets to study theoret1cally the stat1C p1tch 
stab111ty of s1mple types of th,n jet hovercraft. He showed that 
two-Jet, two-d1mens10nal mach1nes tend to be unstable at all 
alt1tudes except poss1bly very close to the ground. By an 
1ntegrat10n techn1que, he also showed that the behav10ur of 
sl.mple three-dl.mensl.onal machl.nes is sl.IDl.lar to correspondl.ng 
two-d1mens10nal mach1nes w1th some improvement 1n stabil1ty. 
13. 
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Webster's theory was extended by L1n (Ref. 3) on the 
bas1s of th1Ck Jet theory. These results 1nd1cated that a 
hovercraft of th1s type, 1.e. w1th th1Ck Jets, 1s stat1cally 
stable close to the ground but rap1dly loses stab1l1ty as 
the he1ght 1ncreases, and becomes unstable above a certain cr1t1cal 
he1ght. 
• 
DaV1es and Poland (Ref. 4) also used the cond1tions 
of "over- and underfeed1ng" of the edge jets but treat the two 
modes of operat1on separately, as 1t had been found by Eames (Ref. 5) 
that the damp1ng coeff1c1ents in the two states can have a rat10 as 
large as 3. DaV1es and Poland concluded that the system was non-linear 
as can be seen 1n Fig. 3 where the cush10n pressure var1ation with 
hoverhe1ght clearance 1S seen to present a closed loop for the 
two phases of the mot10n. It appeared that, dur1ng the phase when 
the edge Jet overfeeds,there is a greater loss of pressure than 
10$ 
there 1S of ga1n dur1ng the underfeed phase. The ratio of ~ to 
~o.\t1. 
~ of cush10n pressure 1n one complete cycle of the steady state 
osc1llation 1S approximately 3 (as Eames). A s1m1lar conclusion 
1S also reached 1n a paper by Dyne (Ref. 6). 
The most comprehens~ve account, -however, ~s a further 
paper by L1n (Ref. 7). He formulates the dynam1c mot10n 1n 
heave and p1tch of a hovercraft travelling over a tra1n of s1nuso1dal 
waves on the bas1s of small d1sturbances. The equat10ns of 
mot1on are der1ved as two th1rd-order ord1nary d1fferential 
equat10ns w1th coeff1c1ents Wh1Ch depend on the characterlst1cs of 
the craft and the mass flow 1nto or out of the cavity under the 
craft. The coeff1c1ents are then l1near1sed at the equ1l1br1um 
hoverhe1ght, and solut10ns are obtained for the natural frequenc1es, 
the damp1ng, and the steady per1od1c response to mot1on over waves. 
It was found that a hovercraft w1th per1pheral and central 
a1r Jets 1S generally stable for heav1ng and p1tch1ng but damp1ng 
1S small. The effect of coup11ng due to the d1scont1nuity of the 
mass flow coeff1c1ents was also shown to be weak and may be 
neglected 1n the I1nearised analysis. Theoret1cal predictions 
are also compared with the results of model tests,'and sat1sfactory 
agreement 1S 1nd1cated in the natural frequency and response both 
for pitching and heaving. 
The 11nearised equat10n for heave may be written 
1n the form:-
" h+AIi.+Bh = C s1n(15' t) 
where h 1S the variat10n about a mean hoverheight and the 
,) 
r1ght hand side of the equat10n is some sinusoidal forc1ng 
funct10n of max1mum amplitude H. 
The solution to th1s equat10n 1S:-
h = DH sine 0' t + 0) 
4.1.1 
4.1.2 
where D 1S the rat10 (Response amp11tude/Excitat1on amp11tude) 
and 0 1S the phase lag angle. 
A s1m11ar result was also obta1ned for the case of 
p1tch1ng oscillat10ns. 
15. 
4.2 Plenum Craft w1th Small Osc1llat10ns 
The heave stab1l1ty for plenum craft (F1g. 4) performlng 
small osc1llat10ns 1S covered in a report by Wheatley (Ref. 8) and 
heav1ng motion due to the passage of a slnuso1dal wave ln an 
unpubl1shed paper by Reynolds of BruneI Un1vers1ty. 
The analys1s of Wheatley was based on the follow1ng 
assumpt10ns and cond1tions:-
"(a) 
(b) 
The flow of a1r throughout a cush10n system sat1sfies 
the cond1t1on of continuity of volume flow at each 
1nstant of t1me. 
Perturbat10ns of pure heave motion are small such 
that the var1ations of pressure and volume flow 
w1th d1splacement and rate of d1splacement can be 
assumed to be 11near. Hence, the equat10n of 
motion 1n heave for small disturbances can be 
expressed in terms of the stat1c values of the ma1n 
parameters. 
(c) Pressure lS un1form throughout the cush10n at each 
1nstant 1n t1me. 
(d) Cush10n planform 1S rectangular. 
• 
(e) Craft lS forced by regular waves 1n head or follow1ng seas. 
(f) Mot10n of flexible sk1rts relat1ve to the craft 1S negl1g1ble. 
(g) The effects of forward speed on cushion character1st1cs 
can be 19nored for a plenum system Wh1Ch 1S almost fully 
conta1ned by per1pheral skirts or hard structure." 
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IVheatley then der~ved the follow~ng cush~on equat~ons. 
The ~nstantaneous volume flow demanded by the a~r cushion (QD) is 
the sum of the flow leav~ng the cush~on and the rate of change 
of the cush10n volume, 
Then = ----4.2.1 
The volume flow suppl~ed to the cushion is:-
= ---- 4.2.2 
Hence, for cont~nu~ty of volume flow (Q) throughout the cushion 
system:., 
or 
IVhere 
and 
Q = 
= 
= 
= 
= 
P(he + z) 
s . z 
c 
----4.2.3 
4.2.4 
(See F~g. 5) 4.2.5 
---- 4.2.6 
It ~s now assumed that the fan total head ~s converted 
• 
to cush10n pressure w~th a loss of dynam~c head due to the feed veloc~ty, 
and that cush10n pressure ~s then fully converted to dynam~c head 
at the eX1t, cond1tion. 
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1 2 4.2.7 Then H = Pc + 2·f·VF 
and 1 2 4.2.8 Pc = 2·f·VE 
The independent var~ables are the relative heave 
d~splacement (z) and rate of displacement (z) between craft and 
surface, taken as pos~tive upwards from the equ~l~br~um heave 
conf~gurat~on (F~g. 5). 
Then z = (z - z ) 4.2.9 0 ~ 
z (z zi) ! = - 4.2.10 0 
A typ~cal fan character~st~c ~s shown ~n Fig. 6. 
For small changes about the fan des~gn po~nt:-
H = 4.2.11 
The equat~on of mot~on ~n heave relates the accelerat~ons 
on the craft to the changes ~n cushion force (AG) about the 
equ~l~br~um value (W), expressed ~n terms of the independent 
var~ab1es (z) and (z). 
The bas~c equat~on for heave mot~on ~s:-
w 
g 
z· 
o = 
---- 4.2.12 
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The cush10n force 15 the product of the cush10n area 
(assumed constant) and the cush10n pressure:-
Hence boG = 8c".1 Pc 4.2.13 
11 Pc 
dp dp 
where c c z 4.2.14 = dz . z + dz 
The equat10n of heave mot1on (4.2.12) can now be wr1tten 
IV 
g = - k.z - c.z ---- 4.2.15 I 
where the negat1ve slgn ,ndicates a stable system for posit1ve 
values of st1ffness (k) and damping (c) where:-
, 
k = 
and c = 
8 . 
c 
8 • 
c 
dp 
c 
dz 
dp 
c 
dz 
4.2.16 
4.2.17 
The suspenS10n system descr1bed by equation (4.2.15) lS 
shown diagrammat1ca11y 1n F1g. 7 and cons1sts of a spr1ng and damper 
1n parallel wh1ch are exerclsed by re1atlve motlon (z) and (z) between 
craft and surface. 
Wheat1ey derlved the parameter dPc/dz by dlfferentiat1ng 
equatlons 4.2.1 to 4.2.11 wlth respect to (z) when (z) was zero;' 
and dp Idz by dlfferent1ating w1th respect to (z) when (z) was 
c 
zero. Th1S latter procedure lS Va11d for 11near systems and was 
adopted for conven1ence 1n h1S ana1ys1s assum1ng small motions. 
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• 
Th1S techn1que Y1elded the follow1ng express10ns for 
the st1ffness and damp1ng parameters, assum1ng a constant fan speed. 
dp 
c 
dz = 
and Heave st1ffness k 
dp 
dz 
and Heave damp1ng c = 
= 
c 
2p 
c 
h 
e 
2 W 
h 
= 
2 W.S 
e 
, c 
Q 
fl 
2 W 
Q 
where = 1 - ; F 
and = F = -.S. H 
----- 4.2.18 
----- 4.2.19 
f1 4.2.20 
4.2.21 
The plenum a1r cush10n variants are shown 1n Fig. 5 and 
the definit10n of the fan parameter (F) 1n f1g. 6. 
Reyno1ds' paper broadly follows Wheat1ey's approach but 
conslders the response In heave to the passage of a s1nuso1dal wave. 
H1s expreSS10ns are cons1derably more comp11cated and he is obliged to 
f1x certa1n parameters 1n1tia11y (such as damp1ng and craft geometry) 
1n order to f1nd the effects of varying other parameters. The two 
ma1n conc1us10ns are that the var1at1on of escape area at the bow and 
stern can s1gn1ficantly affect the craft response and that the 
worst operatlng case 15 In waves whose length 19 between one-thlrd of 
the cush10n length and the cush10n length. 
20 . 
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Although these two papers glve useful performance 
lndlcatlons, they are I1mlted to heave response and to small 
ampl1tude mot1ons, and should be regarded as Solut10ns of the 
11m1t1ng case when the d1splacement tends to zero. Four other 
papers of 1nterest have been published by Leatherwood (Ref. 9), 
Rajan and Csaky (Ref. 10), B1ckford and Olsen (Ref. 11) and 
Van Den Brug and Van Staveren (Ref. 12). 
Leatherwood stud1ed the heave characterist1cs of a 
plenum system hav1ng a var1able "dead volume" (cush10n volume) and 
an actlve 11P control system. He obta1ned analogue solutions to the 
, 
non-llnear equations of mot1on and showed that a large dead volume ' 
reduces the damping and can lead to unstabil1ty. It is 1nterestlng 
to note that Tul1n (Ref. 1) pred1cted self-excited osclllatlons for 
an annular Jet hav1ng a recessed under-surface. Leatherwood's 
act1ve 11P control was shown to reduce veh1cle response to external 
forces and el1mlnate contact with the surface. He also showed that 
the extra power needed was small compared w1th the cushlon power. 
Rajan and Csaky (Ref. 10) cons1dered the heave response 
of a captured alr buble craft due to motlon over a slnusoldal 
wave system. The pressure distribut10n whtch provides the 
forc1ng 1S obta1ned from the classical Solut10n of flow past a 
wavy wall, and as the paper admlts, this 1S only an approximation. 
Furthermore, the a1r supplied to the plenum is assumed to adJust 
1nstantaneously to the plenum pressure at that 1nstant. The 
conclus10n reached here 1S that waves of two-th1rds of the craft 
length represent the worst operating condition, a result ln broad 
agreement with that of Reynolds. 
• 
B1ckford and Olsen (Ref. 11) cons1dered a mult1ple 
sk1rt craft w1th freedom to pitch and heave. An analogue solution 
1S obta1ned for a model craft (375 lb we1ght) and compared with 
exper1ment. Moderate agreement was found for the lightly damped 
case cons1dered although the damp1ng rat10 of 0.08 pred1cted for 
heave is low (by a factor of 10) when compared w1th the present 
research (see Sect10n 7). 
The paper by Van Den Brug and Van Staveren (Ref. 12) is 
useful 1f only for the exper1mental method employed, although the 
theoret1cal and exper1mental values obta1ned apply to a part1cular 
craft des1gn for the Royal Netherlands Navy, and no general conclus~ons 
apply. Th1S craft is a hybrid fully amph1bious-sidewall vehicle and 
the model was tested by forcing 1t by means of three struts strain 
gauged to measure the model forces produced. Stiffness and 
damp1ng forces Were computed electronically by synchro-resolvers 
connected to the shaft of the mechanical osc1llator. The conclus1ons 
of th1S paper state that the tests were not complete and were 
1ntended to study the use of the exper1mental method for G.E.M. 
models, and for a complete research programme, the tests should 
be performed at more mean hoverhe1ghts to obta1n a better 
understand1ng of the non-11near behav10ur. 
4.3 Plenum Craft w1th Large Osc1llat10ns 
\fuen amp11tudes of motion become large, the sk1rt contacts 
the surface and deflects, and no simple analytical solution is available. 
Computer solut10ns are available for th1S case but, unfortunately, the 
work by Hogben and Reynolds 1S not at present pub11shed. 
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Hogben's 1n1t1al paper was based on the work of 
Wheatley (Ref. 8) and developed equat10ns wh1ch referred to a 
sk1rted plenum craft over a mov1ng plane ground, and poss1bly 
also to a sk1rted craft w1th jets operating over water. Th1S paper 
was 1ntended as an a1d to research and presented no results or 
conclus1ons, but a later paper by Hogben (unpubI1shed) developed 
h1S prev10us work. The ma1n d1fferences in deta11 between these 
two notes were that: 
(a) 
(b) 
(c) 
a more SOph1st1cated integration procedure was used, 
the fan character1stic 1ncluded a second order term, 
a pressure drop could be inJected between the 
cush,0n and fan if requ1red. 
Hogben spec1f1ed that the response of the craft was 1n 
terms of. the equations of p1tch and heave mot,0ns Wh1Ch could be 
solved by invok1ng a condition of continuity of a1rflow through 
the cush10n, coupled w1th a law relat1ng pressure rise and volume 
flow through the fan. In formulating these condit10ns, he assumed 
that the wave surface is plane and relat1vely und1sturbed by the 
fluctuat,0ns 1n cushion pressure, see Fig. 8. There 1S no 
correlat,0n g1ven w1th exper1mental results and Hogben suggests that 
th1S could be t1me-consum1ng but g1ves a method of correlation 
wh1ch enta11s s1mple overground tests, Pitch1ng-Heav1ng Table 
Exper1ments, and Tank Experiments. 
An unpubl1shed J01nt paper by Hogben and Reynolds cons1ders 
the very d1fficult case of mot,on 1n irregular waves. Tb1S paper was 
assembled from the preV10us work by Hogben and g1ves a brief 
work1ng descr1pt1on of the computer program in the form of 
def,n1t1ons of the 1nput and output. 
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They summar~se the capab~11ty of the program as follows. 
"The ~nput compr~ses parameters def~n1ng a d~rect~onal wave spectrum 
and the character~st1cs of the craft. The wave spectrum 1S defined 
w1th opt10ns to choose, 'P1erson-Moskowitz', 'Darbysh1re Coastal', 
or 'Arb~trary' types. The craft has a rectangular planform cushion 
wh1ch 1S bounded by flex~ble skirts slop~ng ~nwards and divided 
~nto compartments by a transverse bag (see Fig. 9). The program 
computes the h~story of wave elevat~on and slope encountered by 
p01nts round the per~phery of the craft when it ~s travelling at 
un1form speed in a straight l~ne at any chosen head~ng to the 
waves. It then calculates by an iterat1ve numer~cal ~ntegrat~on 
process the response history of the craft in terms of the heave 
and p1tch motions and accelerat10ns, the pos1t10n of the pitch centre, 
the volume flow of a1r and the pressures in the two compartments of 
the cush~on. F1nally, ~f requ~red, 1t w~ll carry out a 
stat1st1cal analysis of any of the wave and craft motion histor~es 
to determine 'mean of third highest' and max~mum values for peak 
and trough he1ghts with correspond~ng counts of the number of peaks 
and troughs, plus the root mean square and mean value of all the 
ord1nates. " 
In pr1nc~plc, th~s program should prov~de a method of 
solution but the mathemat1cal d~ff1cult1es have been considerable 
and work is st~ll ~n progress. Although some results are given, 
they apply only to a particular craft and are less useful generally 
than the analytical approach of Section 4.2. 
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4.4 The Fan 1n a Hovercraft L1ft System 
IVhen a fan 1S used to provide a1r for a hovercraft, 
1t is usually 1nstalled 1n a plenum chamber which supplies the air 
CUSh10n and flex1ble skirt system. In some des1gns, as 1n the 
case of HD.2, for example, more air is del,vered to the bows 
of the hovercraft than to the sldes or the stern, causlng a 
non-un1form flow system in the plenum WhlCh 1S further compllcated 
by the 1ntrusion of structural members and other obStrUCtlOnS 
dlctated by the craft layout. Some eVldence is available on 
matchlng, for example by Brotherhood (Ref. 13) and on the effect 
of obstructions descrlbed by Wilson et al (Ref. 14). The latter, 
followlng an unpublished R.A.E. report by Kelller and Thomas, 
whlle interestlng and providlng an lndlcat10n of the klnd of effect 
to be expected, only treats a clrcular plenum and annular skirt 
• 
Wh1Ch is remote from most craft systems and is not of direct relevance, 
partlcularly as no forclng effect was applled to the system and 
steady flow effects were the only ones considered. 
Both papers demonstrate, however, that hovering 
eff1c1ency can be ser10usly affected by the 1ntruslon of structural 
members 1nto the plenum near the fan outlet, and Wllson further 
p01nts out that the ungu1ded dlffuS10n of dynamlc pressure leaving 
the fan ln the unobstructed plenum is very poor. In the conf1gurat10n 
tested, only 57 per cent of the dynamic pressure was converted to 
statlC pressure 1n the cush10n at the flow rate corresponding to 
max1mum eff1ciency. ThlS caused the total fan eff1ciency of 93% to 
be reduced to an effect1ve overall value of 82.8%. Th1S result shows 
that about 18% of the 11ft fan energy 1S d1ss1pated ln the plenum, 
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and as the 11ft power 1S about 30% of the total under crU1se 
cond1t1ons, this amounts to about 5% of the total craft power. 
Steady plenum and cush10n cond1t1ons can only be 
expected when the hovercraft passes over a flat surface at a constant 
att1tude. lVhen subJected to the repeated forc1ng act10n of waves 
or undulations, lt has been shown that conslderable changes in 
cushl0n and plenum pressures take place. It appears, therefore, 
that the fan has a non-un1form pressure d1str1but10n expected round 
its perlphery, and that these vary with tlme. The fan is thus 
sUbJected to a very complicated pressure and flow reglme. 
Llttle has been found ln the llterature that has 
relevance to the problem Just descrlbed, and ln most cases of the 
theoretlcal treatments of hovercraft stabl1lty, lt has been assumed 
that the fan instantaneously adjusts to a new mean demand, usually 
at a constant fan speed. RaJan and Csaky (Ref. 10) have dlscussed 
the problems of control by speed regulation and varlable blade 
settlng, but do not conslder the lnstabllitles mentloned. 
• 
A posslble model for the effects descrlbed can be consldered, 
based upon a falrly successful approach to centrlfugal compressor surge 
by Benson and Whltfield (Ref. 15). They show that the surge pOlnt moves 
to hlgher flows than steady flow experlments suggest when subJected to 
downstream pressure fluctuatlons, and use a technlque developed by 
Bldard (Ref.16) and lmproved by Jenny (Ref. 17) that glves satlsfactory 
predlctlons of surge pOlnt for a series of 1mposed dlsturbances. 
ThlS technique does not account for perlpheral distributlon of 
dlsturbance. It may be posslble, however, to develop this approach 
by utl1lslng the concept of rotating stall that has been lnvestlgated 
for aX1al and centr1fugal compressors. 
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Wh1le these approaches are tentahve at the moment, 
a poss1ble correlat10n of fan performance with cush10n dynamics may 
result. 
4.5 Conclus10ns 
Measurements made on a full-scale craft are very few and, 
apart from the1r stat1st1cal value,are d1ff1cult to 1nterpret since, 
although craft response can be measured, the 1nput force, such as 
wave movement cannot. Thus, tests made w1th ·p1tch1ng-heavingt tables 
or wave-belts are useful s1nce, although they are 11m1ted to s1nusoidal 
mot1on, 1t is poss1ble to measure both the forc1ng funct10n and the 
response over a w1de range of cond1t10ns, locate the undes1rable 
responses and 1nvestigate thelr cause. Moreover, some sort of 
1rregular sea cond1t10n could be synthesised from combinations of the 
s1nuso1dal mot10ns. 
Exper1mental work in the field of hovercraft dynam1cs, 
part1cularly those f1tted w1th segmented-type skirts, has not been 
w1dely pub11shed. Some work has been carried out on a "heave table" 
fac1l1ty, s1m1lar to that descr1bed later, by H.D.L., but the 
results as yet have not been pub11shed. 
Wheatley (Ref. 8) suggested that h1s express10ns for 
st1ffness and damping parameters could be tested by forc1ng a 
f1xed model hovercraft 1n heave. It was concluded that, although the 
proposed research 1nvolved large osc1llat10ns, Wheatley's hypothesis 
presented an 1deal starting p01nt for the study of hovercraft dynam1cs. 
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5. EXTENSION OF THEORY 
\fueatley assumed small mot~ons of the hovercraft which reduced 
the complex~ty of the equat~ons (Sect~on 4.2), wh~lst the tests carried 
out dur~ng th~s research ~nvolved large deflect~ons relative to the 
cush~on depth of 8 ~nches. It was felt, however, that Wheatley's 
theory was a good bas~s on wh~h to bu~ld a mod~f~ed theory wh~ch 
would correlate better w~th exper~mental results and var~ous 
approaches to this problem were undertaken. 
As the ampl~tudes of forced mot~on were large, resulting ~n 
correspond~ngly large changes ~n volume flow and cush~on pressure 
due to the forc~ng, ~t was felt that a quadrat~c ~nstead of a 
lInear relatIonshIp for the fan characterIstIc was more valId. 
The f~rst approach was then to develop the general cush~on 
equat~ons (equat~ons 4.2.1 to 4.2.11) g~ven by Wheatley and attempt 
to solve them w~thout making the same s~mpl~fying assumpt~ons. 
The equat~ons are stated ~n the form used in sect~on 4.2, with 
the except~on of Equat~on 4.2.11 wh~ch beco~es 
H = 5.1 
As m 4.2 = 5.2 
= ---- 5.3 
Q = = 5.4 
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or = 
where = 
Qc = s Z c 
1 2 H = Pc + 2f • CF' VF 
1 2 
Pc = 2 f ,CE,VE 
D~fferent~at~ng equat~ons 5.1 to 5.9 with respect to z, 
from equat~on 5.8 
VF = 
d(VF ) Hence = dz 
from equat~on 5.9 
= 
= 
( 2 (H - pc) ! ) f'CF 
1 VF ( dH 
2 (H - p ) dz 
c 
1 
2 
dp 
c 
dz 
dpc ) 
- dz 
.-
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5.5 
5.6 
5.7 
5.8 
5.9 
From 5.3. and 5.4 
dQ CF' SF' d(VF) = 
dz dz 
Q dH dp 
(-
-
0 ) 5.10 = 2(H - p ) dz dz 
0 
From 5.2 and 5.7 
Q = SE,VE,CE + Qo 
Q CE• p.(he + z). VE S .~ (a 
2 2 ! 
- z ) = + 0 
p rE + (h + z). d(VE1 + Se .W • .:. dQ CE· e 
dz = dz 2 
Rearranglng and slmpllfYlng, 
dz 
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5.12 
From 5.1 and 5.3 
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Dl.fferentl.atl.ng equatl.ons 5.1 to 5.9 now Wl.th respect to Z, 
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Comblnlng equatlons 5.15 and 5.16, 
32. , 
Q dp 
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Equations 5.14 and 5.19 become 
where dPc 
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are stlffness 
s . C 
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and damplng 
--- 5.18 
--- 5.19 
--- 5.20 
----5.21 
----5.22 
----5.23 
5.24 
parameters respectively. 
Th1S method has proved diff1cult to solve for several reasons, 
a maJor one concerning the term (h + z) wh1ch, as the cushion is 
e 
compressed, eventually becomes zero, rendering term B infin1te 
(Equat1on 5.21) and subsequently becomes negat1ve. These 
d1scont1nu1t1es ar1se because the flow is assumed 1ncompressible 
close to (h + z) and the effect of compress1b11ity should be allowed 
e 
for 1n th1s reg10n. Th1S can be partly overcome by tak1ng the 
cush10n as sealed when (h + z) = O. Another problem to occur in 
e 
th1S analys1s concerned parameter C (equat10n 5.22) whereb~ when 
Z, the forc~ng veloc1ty, was zero, the d1splacement z was at a 
max1mum or m1n1mum, and vice-versa. This led to d1scontinu1ties in 
the prediction of pressure change in the cush10n. No mean1ngful 
solut1on has yet been found uS1ng th1s approach and it has been 
temporar1ly d1scarded 1n favour of a s1mpler method. 
The development of a less comp11cated method of predicting 
response of the hovercraft in heave was made after considerat10n of 
present theory and of observat10n of a model hovercraft 1n motion. 
The equ1valent leak height (h ) def1ned by Wheatley proved 
e 
d1ff1cult to, measure but after close scrutiny and measurement of 
both the model and 1tS associated draw1ngs to obtain the total 
leak area, a value of 1.24 1nches for (h ) was determ1ned 
e 
(see Sect10n 8.1). 
As th1S value of (h ) was of the same order of magn1tude as 
e 
the lower forc1ng amp11tude cases considered, 1t was felt that 
Wheatley's s1mple theory w1th the quadratic expreSS10n for the fan 
character1st1c aga1n Subst1tuted for Wheatley's I1near equation, 
would approX1mate quite well to the mot10n of the craft. 
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Ref~nemcnts to th1S theoret1cal approach were made by endeavouring to 
pred1ct changes 1n volume flow, due to "pump1ng effect" on the 
cush1on, but th1S d1d not result 1n a successful conclus10n as 
ment10ned later (Sect1on 8.1). Sim1lar attempts 1nvolving the change 
1n cush10n area due to forc1ng were made but these, in isolat1on, 
made l1ttle difference to the prediction of pressure change w1thin 
the cush10n. 
Observation of craft behaviour and of exper1mental results 
obta~ned, led to the prem1se that, while this developed theory was 
reasonably accurate ~n prediction of the pressure change within the 
a1r cush10n over certa1n areas of the forc1ng mot~on, it did not 
• 
fully pred1ct the changes over all the forcing cycle (see F1gS. 16-23). 
It was noticed that the behav10ur of the model sk1rt followed closely 
the motion of the forc1ng surface while the cushion was be1ng compressed, 
but as the craft and forc1ng surface moved apart the skirt tended 
to rema1n 1n its compressed state for an apprec1able time before 
f~nally "crack1ng" back 1nto its extended pos~t~on, (see Section 7.4). 
It was felt that this motion of the sk1rt gave r~se to a situat~on 
slIn~lar to "overfeed1ng" and "underfeeding" of the perl.pheral jet. 
Th~s s~tuat~on would also, from the periphe~al Jet work, g1ve r1se 
to a poss1ble rat10 of damp1ng forces of the order of 3:1 (see 
Section 4), between compreSS10n of the cush10n and the downward mot1on 
of the forc1ng surface. 
A further observat1on of the cush10n concerned its 1nherent 
st1ffness 1n heave. When the cush10n is compressed slowly above 1tS 
equ1l1br1um pos1t10n (cons1dering a f1xed model) a stat1c stiffness 
curve s1m11ar to F1gS. 16 and 20 is obta1ned. Th1S 1S because the 
cush10n and fan system has time to settle to an eqUl.11br1Um pressure. 
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As the forc1ng frequency 1S 1ncreased, the cush10n!fan system does 
not have this setthng t1me and the cush10n tends to act as a l1near 
spr1ng (plus, of course, a damper in parallel), the value of th1S 
st1ffness be1ng g1ven by the slope of the stat1c stiffness curve 
at the equi11brium pos1t1on. Due to the relat1vely high value of 
the equ1valent leak he1ght (h ) ,motion below the equi11brium position 
e 
creates a greater a1r gap and the stiffness curve 1n this reg10n 
w1ll not be affected. 
To obta1n the f1nal proposed solut10n, mot1on can therefore be 
cons1dered in four parts:-
a) forc1ng surface moving upwards from its equilibrium posit1on 
and the model fixed thereby compress1ng the cushion, 
b) mov1ng downwards to the equ1libr1um pos1t1on, 
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c) moving downwards from the equ1libr1um pos1t10n to the lowest position, 
d) mov1ng upwards from 1tS lowest to the equ1l1brium pos1t1on. 
a) Due to the action of forcing, it has been suggested ear11er 
that st1ffness 1n th1s section of motion can be considered as 
l1near, the st1ffness of the cushion being given by the slope 
of the stat1c stiffness curve at the equilibr1um position. 
Super1mposed on th1s st1ffness is the contr1bution due to 
damp1ng g1ven here by the value der1ved by Wheatley 
2.W.S
c ( Q . f l ) (Ref. Equation 4.2.21) 
b)' The mot1on downward from the max1mum upward posit10n of the 
forc1ng surface aga1n follows the upward mot10n as regards the 
stiffness of the cush1on, but with damping neglected as a f1rst 
approximat10n, (per1pheral Jet theory suggesting a ratio of the 
----------------~--~ 
order of 3:1 as ment10ned previously) as values of damping at 
low frequencies and amp11tudes were relatively small. 
c) Damp1ng in th1s segment of mot10n 1S aga1n neglected for 
reasons d1scussed previously, and due to the a1r gap,st1ffness 
1S g1ven by the corresponding part of the static st1ffness curve. 
d) The return to the equi11brium pos1t1on to complete the cycle 
1S cons1dered as the correspond1ng sect10n of the stat1c 
stiffness curve as c) above, but w1th Wheatley's value of 
damping superimposed to define the motion. 
Summar1s1ng the above, mot10n upwards of the forc1ng surface 
may be cons1dered as a "dynam1c stiffness" as d1scussed, w1th 
damp1ng superimposed, the value of that damping g1ven by 
Wheatley's theory. Motion downwards of the surface, aga1n cons1dering 
a f1xed model, 1S defined by the "dynamic shffness" term only as 
a f1rst approx1mat10n. It 1S suggested that th1s approach to the 
problem of pred1cting pressure changes w1thin the a1r cushion 
may be va11d over a reasonable range of forcjng frequenc1es and 
amp11 tudes. 
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6. EXPERIMENTAL EQUIPMENT AND TEST PROCEDURE 
6.1 ,The P1tch1ng-Heav1ng Table 
The design of the "p1tch1ng-heav1ng" table was 
d1ctated to a large extent by the size of the hovercraft model to 
be tested, wh1ch resulted 1n a table surface of 10 ft. x 7 ft. 
Th1S was much larger than any designed previously, but as experience 
had been ga1ned on a s1m11ar fac111ty at Tracked Hovercraft Ltd., 
1t was decided to base the present des1gn on that at Tracked 
Hovercraft Ltd. A mechan1cal dr1ve was chosen for the rig primarily 
on the grounds of cost and simplicity (Fig. 10). 
The table top was constructed of plywood 1n an 'egg-box' 
form and faced w1th plywood giv1ng a total depth of 3.5 1nches. 
The table was supported by four connecting rods and constra1ned by 
two vert1cal sl1d1ng bear1ngs fixed on the lateral centre l1ne of 
the table. Mot10n was prov1ded by a 7.5 H.P. electr1c motor 
dr1v1ng, through heavy-duty toothed belts and pulleys, two shafts 
wh1ch carr1ed the connect1ng rods. Amp11tude var1at10ns were 
achleved by alter1ng the pos1t10n (b1g-end 10c1) of eccentr1cally 
f1tted plates on hubs f1tted to the ends of the shafts. Amplitudes 
, 
of 1 1n. to 6 1n. 1n 1 1n. 1ntervals were ava1lable by this eccentr1c 
plate adJustment, although other ampl1tudes could have been 
ava1lable by the use of dlfferent plates. With the cranks f1tted, 
'1n-11ne' a pure heave mot10n was obta1ned, while other mot10ns were 
ach1eved by offsettlng the angle of one palr of cranks 1n relation 
to the other. The speed of rotat10n of the dr1ving motor was 
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controlled by a th~~stor unlt wlth a tachogenerator feedback for 
close speed control, glvlng a frequency range of 0.5 to 5 Hz. 
approxlmately. It was also found necessary to counter-balance 
the table ln order to counter the 'over-run' of the motor on the 
downward stroke and approxlmate the motion to S.H.M. This was 
achleved by uSlng weights attached to each corner of the table 
by Wlres and pulleys ln a closed loop system. 
6.2 The Model Hovercraft 
The hovercraft used ln the experlmental work was a 
I /3 rd scale model of the N.P.L. research craft H.D.2, which had been 
prevlously used for towlng tank tests. The craft was constructed 
of G.R.P·., and for the tank tests, was fltted wlth a scale 
aerodynamlc superstructure. However, the model proved diff,cult 
to mount wlth this superstructure ln place and therefore this was 
dlscarded. Moreover, lt was felt that the alr flow lnto the 
fan lntake would be more symmetrlcal wlth thlS top removed. 
The model had a planform of approxlmately 9.5 ft. x 5 ft. 
2 glvlng a cushion area of 38 ft. The sklrt, as fltted, was a 
HDL-type loop and segment arrangement wlth a cushlon depth of 
8 lnches (Flg. 11). Lift alr was provlded by a 2 ft dlameter, 
12-bladed centrlfugal fan drlven by a llghtwelght 200 V, 400 Hz 
electrlc motor. Power supply for th,S motor was provlded by a 
D.e. motor drlven alternator. Alteratlon of the field current to 
the alternator gave a change ln the frequency output, WhlCh ln turn 
resulted ln a change of fan motor speed. Although thlS was very 
much a comprom1se solut1on to the power supply problem, it has 
proved extremely effect1ve and re11able. 
A1r was fed from the fan 1nto a plenum from whence 
1t was fed into the loop by means of feed holes 1n the 1nner 
structure, the air feed being concentrated at the bow. 
6.2.1 Model Mount1ng - Fixed Case 
The model had two 'strong points' built 1nto the 
structure and an alum1n1um alloy frame built up from these p01nts 
for carry1ng the mount1ng for the tank tests. These were modified 
to enable a four-po1nt fixing to be made for the initial series of 
tests on the "p1tch1ng-heaving" table. Add1t10nal aluminium alloy 
plates and brackets were bolted onto the or1g1nal framework and 
these p1cked up onto the mount1ng structure wh1ch was manufactured 
from alloy tube and bar. The centre top lateral tube was carried 
1n a mahogany block and bolted onto the centre I-beam of the support 
framework. The mahogany block was accurately mach1ned 1n order to 
prov1de a reference p01nt for the craft hoverhe1ght. In order to 
further stab1l1se the framework, four long1tud1nal tubes were 
secured to brackets on one of the end I-beams (see F1g. 12). 
6.2.2 Model Mount1ng - Free Case 
The model mount1ng had necessar1ly to be 
mod1fied for tests to be carr1ed out w1th the model free 1n p1tch' 
and heave. The previous mounting was replaced by hardened steel rods 
p1voted on the model and runn1ng vert1cally 1n ball bushings. 
These bush1ngs were mounted 1n aluminium alloy blocks, which, in turn, 
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were p~voted laterally ~n an add~t~onal channel sect~on posit~oned 
on the ma~n I-beams (see F~g. 13). Th~s arrangement prevented the 
model moving ~n roll and yaw, wh~le allowing free movement in heave 
and p~tch about an unrestr~cted pitch centre. 
6.3 Instrumentation 
In order to study the dynam~cs of the air cush10n and 
part1cularly the fan/cushion 1nteraction as the craft was 
subJected to a part1cular mot1on, 1t was necessary to monitor 
pressures w1th1n the craft. Hence, a total of seventeen stat1c 
pressure tapp1ngs were fitted into the craft, e1ght 1n the cush10n 
1tself, S1X ~n the plenum chamber, and three 1n the loop. A diagram 
(F1g. 14) shows the relat1ve pos1tions of these tappings. 
The pressures were fed V1a flex1ble p1pes and a man1fold to a 
Mercury Electronics m1cromanometer. (Later some pressuzeswere fed 
to an e1ghteen-1nput Furness Controls m1cromanometer). Air 
volume flow was mon1tored by means of four static pressure tapp1ngs 
s1tuated symmetr1cally about the fan 1ntake, also connected to a 
Mercury Electron1cs m1cromanometer. The 1nt~ke had been ca11brated 
by H.D.L. pr10r to the tank tests and this ca11brat1on has been used 
throughout, although a number of comparat1ve tests have been made 
and found to agree. 
Fan speed was measured by two systems, only one of Wh1~h 
1S recorded. The f1rst system, wh1ch was used for in1t1al setting 
up, compr1sed a magnet1c pick-up counting metal str1ps at the base 
of the fan g1ving a d1rect speed reading on a ca11brated meter. 
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The recorded system employed a tachogenerator dr1ven from a 
layshaft 1n the fan motor dr1ve. The s1gnal from the tachogenerator 
was fed through a b1ass1ng c1rcuit to measure the transient behaviour 
of the fan. 
Table pos1tion was measured by means of two 14 1nch 
stroke l1near Penny and G1les potent10meters mounted each side of 
the table p1tching centre-line 1n l1ne w1th the cranks. 
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Output of pressures,volume flow, fan speed and d1splacementswere 
recorded on a l2-channel ultra-v10let osc1llograph. 
A Smiths tachometer coupled to one of the main dr1ve 
shafts ind1cated table frequency; accurate measurements were made 
from the U-V traces of the l1near potent1ometers. 
Addit10nal potentiometers were f1tted for the free model 
tests 1n order to measure the model movement. 14 1nch stroke 
potent10meters were ganged to rotary potent1ometers, and the system 
mounted 1n line w1th the s11ding rods. The true hoverheight and 
craft p1tch angle could then be computed through a comb1nation of 
l1near and rotary outputs (F1g. 13). 
6.4 Test Programme and Procedure 
6.4.1 F1xed Model Tests 
The 1n1tial requ1rements of the research contract 
were to test the model hovercraft in a f1xed posit10n w1th forc1ng 
1nputs of pure heave, pure p1tch, and a comb1nat10n of both these 
parameters. The test programme, therefore, consisted of tests 
1nvolv1ng heave, p1tch, and three comb1nat10ns of these (45°, 90° and 
o 135 out of phase) of the forc1ng surface, with amp11tudes 
(eccentr1c crank measurements) of from ± 1 1n to ± 3 in, and table 
speeds between 0.8 and 5 Hz. The amplitude was lim1ted to ± 3 in. 
for these fixed tests to prevent undue stress on the model, and 
th1S was the lim1tlng crlterion app11ed to amp11tude settings 
throughout, Fan speed was also varied dur1ng the tests from 
1350 to 1800 rev/min. in S1X steps of 1350, 1425, 1500, 1610, 1725 
and 1800 rev/min. A total of 120 separate tests were carr1ed out 
w1thin these bas1c parameters. 
In add1t10n to the above tests, the r1g was 
mod1fied to enable the table surface to be operated manually, and 
a ser1es of 'zero' forc1ng speed tests were performed by turn1ng 
1t over'as slowly as poss1ble while monitor1ng all the relevant 
parameters. 
It also proved necessary at a later date, due 
to a change 1n emphasis, to repeat 1n greater depth a ser1es of 
heave tests w1th amp11tudes of ± 1 in. to ± 3 1n. at a fan speed 
of 1500 rev/min. This ser1es of tests w111 be d1scussed later. 
Test procedure was relat1vely s1mple. In1t1ally, 
the table surface was set at the desired amp11tude and phase angle 
value by adjustment of the eccentric cranks, and the fan speed of the 
hovercraft adjusted by alterat10n of the voltage supply to the fan 
dr1ve motor. After a short per10d allowed for 1nstrument warm-up 
and zero1ng, the forc1ng table surface was set in mot10n at the 
des1red speed and record1ngs made of the various outputs on the U-V 
recorder. Fan speed, air volume flow and table d1splacement (2) were 
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mon1tored cont1nuously, the only var1able dur1ng each run being one 
of the seventeen pressure channels. 
6.4.2 Free Model Tests 
The exper1ence gained from the f1xed model tests 
enabled a more compact test programme to be carried out. Tests were 
done at a fan speed of 1500 rev/min only, and 1n heave, pitch and 
a 900 combinat10n of these. A comprehens1ve ser1es of tests in 
heave was of pr1me cons1deration and therefore ± 1 1n. to ± 3 in. 
tests were performed unt11 the mot10n of the model became too 
v101ent to hold. + The - 3 1n. tests were severely curta11ed due to 
the craft 'bottom1ng' on the mechanical stops of the potentiometers 
thereby break1ng them away from the1r mountlngs. 
A simllar Ilmitatlon applied to the p1tch and 
900 comblnation tests in which both, In fact, were limited to 
± 1 in. amp11tude, due to a violent motion at the resonant frequency. 
Test procedure was as for the flxed tests, 
the additlonal slgnals monitored belng the linear and angular 
d1splacements of the craft at bow and stern: 
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7. DISCUSSION OF EXPERIMENTAL RESULTS 
7.1 F1xed Model Tests 
Analys1s of the results was considered carefully with 
regard to the large amount of data obtained. This would have been 
an extremely lengthy task, and therefore 1t was dec1ded to analyse 
fully a representat1ve cross-sect10n in order to determ1ne trends, 
and to analyse the rema1nder of the data should 1t prove necessary. 
A 11st of the tests analysed fully is given 1n Table 1. 
The U-V f11m of each test was read at each 0.1 sec. 
t1m1ng mark and the co-ord1nates of each trace noted and converted 
onto punched tape by use of a chart-reading table. Th1S procedure 
was repeated several t1mes for each revolut10n of the forc1ng 
surface. The paper tape thus obta1ned was fed into a computer 
programmed to g1ve a readout of the co-ord1nates in actual values, 
3 
e.g. pressure in mm. H20, volume flow 1n ft /sec. From th1s 
pr1ntout, the data has been presented graphically as: 
a) Pressure (at a g1ven P01nt) against 
Table D1splacement (or P1tch Angle), 
b) Volume flow aga1nst D1splacement, 
c) Fan rev/min. aga1nst D1splacement. 
7.1.1 Heave 
A tYP1cal set of results for = 1 1n. heave is 
shown 1n F1g. 15 where all the pressure channels are plotted on a 
'staggered zero' basis. The relat1ve pos1t10ns of these channels 
are g1ven 1n Fig. 14. It can be seen that there 1S a s1m1lar1ty between 
the var10US pressure tapp1ng results, part1cularly those prefixed 
'c' wh1ch are cush10n pressures. The remainder of the heave results 
are plotted 1n Figs. 16 - 23 1nclus1ve and show one pressure only, 
this one (Cl) being tYP1cal of the behaviour of the cush10n. 
The var1at10n in fan speed produced the 
expected increase 1n mean cushion pressure with 1ncrease in fan 
speed, and th1s var1at1on 1S shown 1n Fig. 24, one pressure 
tapp1ng aga1n being shown as typ1cal. The results in general 
, 
therefore have been given at the 'normal' fan speed of 1500 rev/min. 
The range of heave tests at 1500 rev/min 
show clearly that, as the frequency of forc1ng was increased, the 
amount of hysteres1s also 1ncreased quite markedly, although not 
1n a symmetr1cal fash10n. S1milarly, as the amp11tude of forcing 
was increased, th1s also ~oduced an increase in the hysteres1s effect. 
The correspond1ng volume flow/d1splacement curves 
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are shown 1n F1gs. 25 - 32 1nclusive. Volume flow rate var1ed considerably 
w1th d1splacement, the max1mum be1ng qU1te often greater than tW1ce 
the m1n1mum. The amount of hysteres1s also 1ncreases w1th frequency 
as m1ght be expected. There are a number of pecu11ar reversals 1n 
the curves of volume flow near the max1mum pos1t1ve d1splacement of the 
table and the flow rate actually becomes negat1ve at one p01nt 1n the 
cycle. No def1n1t1ve explanation can be g1ven for these peculiar1ties 
but thc1r presence 1S conf1rmed by the large number of exper1mental 
p01nts defin1ng the curves in those reg10ns, but as only a stat1c 
fan calibration has been performed, the accuracy of values 1n these 
reg10ns may be suspect under extreme dynam1c cond,tions. A better 
1nterpretation may be obtained after N.P.L. work on unsteady pressure 
and flow measurement has been completed. 
No curves of fan speed aga1nst table displacement 
are given as fan speed rema1ned sensibly constant over the range 
of values tested. The variation of speed was of the order of ± 20 rev/min. 
when the fan speed was set at 1500 rev/m1n. 
It was felt that a better understand>ng of 
the dynam1cs of hovercraft would be obtained 1f stiffness and 
damping rates were measured, and this resulted 1n the extra tests 
mentioned earlier, (Sect1on 6.4.1). The pressure traces from these 
heave tests were Four1er analysed to g1ve the 11near components 
of the spring and damper rates. Two pressure channels only were 
analysed per test and these pressures were both on the longitud1nal 
centre line of the hovercraft cushion and are 1nd1cated in 
Figs. 33 - 40 1nclus1ve as Cl and C5. It again should be p01nted out 
that, although only two pressures were analysed, their behaviour was 
representative of that throughout the cush10n and can be regarded 
as typical. 
F1g. 33 shows the total force curve plotted 
aga1nst forc1ng frequency. At the lowest amp11tude, ± 1 in., the· 
value of the total force 1S roughly constant at 120 lbf up to a 
frequency of about 2.5 Hz. When it begins to rise and continues up 
to the h1ghest frequency obta1nable at th1S amp11tude (4.5 Hz) 
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reach1ng a value of 230 lbf. At the higher amp11tudes (± 2 in., 
± 3 1n.) the frequency range 1S mote restr1cted 1n order to prevent 
undue stress on the model as mentioned 1n Sect10n 6.4.1, as 
pre11m1nary tests had prev10usly sp11t the bow sect10n of the model 
enta111ng a lengthy repa1r. There 1S a tendency for the curves to 
flatten out after the steep r1se indicating the poss1bil1ty that 
the total force r1ses from one constant value at low frequenc1es 
to another roughly constant value at some h1gher frequency, th1S 
frequency be1ng dependent on ampl1tude. 
The damp1ng rate 1S plotted aga1nst forcing frequency 
1n F1gs. 34 - 36 1nclus1ve. There 1S a general tendency for damping 
to 1ncrease w1th frequency 1n1tially (up to about 3 Hz) but at the 
+ h1ghest frequenc1es (4.5 Hz, obtainable only at - I 1n. ampI1tude), 
there 1S a tendency for damping to increase aga1n slightly. 
The restricted range of frequency at a g1ven 
amp11tude again makes general conclus1ons as to the behaviour of the 
st1ffness rather diff1cult to pred1ct (Figs. 37 - 39 1nclus1ve). 
Above a certa1n frequency (variable w1th amp11tude) the st1ffness 
r1ses qU1te sharply although, at the lowest amp11tude, there is an 
appreciable frequency range where the st1ffhess is more or less 
constant. These results 1nd1cate a harder r1de for both 1ncreas1ng 
frequency and amplitude. 
The phase angle between the st1ffness and the total 
force aga1nst forc1ng frequency 1S shown 1n F1g. 40. These curves 
d1splay a large amount of scatter 1n relat10n to the prev10us curves. 
It 15 felt that th1S may be due to the inab111ty to measure, on the 
pressure trace, the exact pos1tion of the forcing surface to g1ve the 
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1n1t1al co-ord1nates for the Four1er analys1s. Th1S may g1ve an 
error of the order of a few degrees 1n the final analys1s and may 
reflect S11ghtly 1n the values of st1ffness and damp1ng. 
7.1.2 P1tch and Comb1ned P1tch and Heave 
The emphas1s placed on these tests was not as 
great as that for the heave tests, due ma1nly to the complexity of 
determ1n1ng the relat1ve contribut10n of stiffness and damp1ng ~d 
the magn1tude of coup11ng between pitch and heave. 
A sample set of results from a pure pitch 1nput 
1S given in Fig. 41, those from the combined pitch and heave tests 
1n F1gs. 42 - 44 1nclusive. A complete graph1cal presentation of 
all the measured data 1S given 1n Ref. 18. 
These results display very S1m11ar effects to the 
heave tests whereby the amount of hysteres1s 1ncreases as both the 
amp11tude and frequency of forcing are 1ncreased. The hysteres1s 
effect occurs 1n such a way in pure p1tch as to produce a • cross-over , 
In the pressure trace. ThlS cross-over generally occurs at a 
S11ghtly negat1ve p1tch angle probably due ~o the extra clearance and 
a1r bleed at the stern of the craft. 
As 1n the heave cases, 1ncrease 1n fan speed 
lncreases the pressure dlfference between maXlmum and mlnimum. 
There 1S only S11ght s1m1lar1ty between the slope 
of the pressure/p1tch angle curves for comparat1ve forc1ng frequency 
tests 1n the three cases of comb1ned p1tch and heave, as might be 
expected. The problem of determ1n1ng the effect of possible 
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cross-coupl1ng 1n p1tch and heave lS made more diff,cult through the 
1nab1llty to represent a complex two d1mens1onal motion slmply on a 
graph. It would appear, however, that cross-coupllng lS mlnimal 
from a tentatlve analysis of the combined results. 
One lmportant factor to emerge from these tests 
lS that pressure, be lt cushlon or plenum, at any glven lnstant lS 
constant (there may be Sllght local variatlons) l.e. cushlon pressure 
or plenum pressure is dlsplacement dependent only. 
7.2 Free Model Tests 
The analysls of results from thlS ser1es of tests was 
performed in a manner similar to that used for the f,xed model test 
data. The restrlctlons that the motlon of the model lmposed on the 
number of tests reduced the amount of test data obtalned conslderably, 
and lt was posslble to analyse all the results obtalned. These 
restr1ctions were lmposed (see Sectlon 6.4.2) to prevent damage to 
the craft by 'bottomlng' the hard structure, and also to the Ilnear 
potent10meters measur1ng the craft movement. One pressure tapP1ng, Cl, 
was aga1n chosen as belng typlcal of the behavlour of the alr cushion 
and lt 1S th1S pressure that lS shown ln the presentatlon of the 
results (FlgS. 45 - 53). 
7.2.1 Heave 
The analysls of the heave results lncluded a 
measurement of the max1mum and mln1mum model amplltudes of heave, and 
also a measurement of the phase lag between the model response and the 
table lnput. These have been presented in FlgS. 45 and 46 as the 
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Amp11tude Rat10, M, (output amp11tude of the model/1nput amplitude 
of the table) aga1nst the rat10 of forc1ng frequency to natural 
frequency, and the Phase Lag Angle, 0, aga1nst~/~n. The 
natural frequency 1n heave was determ1ned by a s1mple test as 2.25 Hz. 
The amp11tude rat10 curve appears to g1ve a 
tYP1cal response for a spr1ng/damper system 1n that the rat,o rises 
from a value of approx1mately 1 at low frequency rat,os to a peak 
at ~/~ = 1, before fall1ng to below 1 after (i:)/t::n = 2, 
(from equat10n 3.4-5 and F1gure 3.4-2, Ref. 19). 
The phase angle curve also appears typ1cal 
r1s1ng from zero at low frequency ratios to 900 at a frequency 
rat10 of 1.5 and level11ng off after th1S p01nt (Ref. 19). 
Both these curves are d,scussed further in 
Sechon 8.2. 
F1gS. 47 - 51 show the variat10n in cush10n 
pressure, hoverhe1ght and volume flow against table d1splacement for 
+ f,ve values of forc1ng frequency; 1.31, 2.1, and 3.25 Hz at - 1 in., 
+ + 1.87 at 2 1n., and 1.33 Hz at 31n. 
These graphs d1splay small changes 1n pressure, 
hoverhe1ght and volume flow at low frequencies and amp11tude but 
g1ve qU1te large changes 1n pressure (up to 2.5 t1mes stat1c cush10n 
pressure), mean hoverhe1ght (up to 3 1nches) and volume flow 
(2.5 t1mes stat1c) for a table movement of ± 1 1n. at 3.25 Hz. 
The case of ± 2 in., 1.87 Hz also shows a large change in mean 
hoverhe1ght where a total movement of 3.5 1n. 1S recorded, which 
1S approach1ng the amplitude of the forcing surface. As 1n the fixed 
model tests, some of the volume flow curves d1splay reversals of 
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volume flow and also negat1ve volume flow. As the fan speed 
rema1ned constant throughout these tests, 1t appears that the volume 
flow 1S attempt1ng to follow some relationsh1p w1th the cush10n 
pressure. Th1S relat10nsh1p 1S not the static fan character1st1c 
but may be a dynam1c character1stic of the type d1scussed by 
Benson and Wh1tf1eld (Ref. 15). 
The nominal hoverhe1ght for all the tests performed 
was 8 1nches, and 1t can be seen from the results that motion 18 
not symmetr1cal about th1S mean, there be1ng a tendency for the 
mean hover height to reduce at forc~ng frequenc1es below the 
natural frequency (F1g. 51 shows th1s effect clearly). Th1S loss 
of hoverhe1ght has been suggested by var10US authors, DaV1es and Poland 
(Ref. 4), Dyne (Ref. 6) and Tr1llo (Ref. 20). The mean hoverhe1ght 
1ncreases s11ghtly at frequenc1es above the natural frequency and 
th1S effect has not been reported prev10usly as far as it 1S known. 
Th1S effect depends on the two factors of amp11tude ratio and phase 
lag angle, and may not be a general case, although for linear mot10ns 
hoverhe1ght should theoret1cally remain symmetrically disposed about 
the mean. 
7.2.2 P1tch, and Comb1ned P1tch and Heave 
The response to a pure p1tch 1nput gave relat1vely 
small mot10ns below and above the resonant frequency 1n p1tch 
(approx1mately 0.8 Hz). These small d1sturbances were of the order 
+ 0 + 
of - 0.5 model p1tch angle and - 0.5 1nches mean hoverhe1ght change 
about the mean of 8 1nches. However, the response at resonance was 
qU1te v101ent·and th1S became one o~ the 11m1t1ng factors of the 
tests. ThlS response lS shown ln Flg. 52 and shows both the model 
pltch angle and the mean hoverhelght plotted agalnst the table angle. 
The mean hoverhelght 15 glven as the mean of the hoverhelghts computed 
from the bow and stern potent10meter read1ngs, w1th an 1nltlal mean 
hoverheight of 8 lnches. Hoverhelght 15 used as a maln parameter ln 
these flgures as lt 15 felt that it readl1y lmplles a re1atlve motion 
between the craft and the forclng surface. It can be seen from these 
graphs that the mean hoverhelght varles rapldly with correspondingly 
large changes ln pitch angle (± 5.50), the vl01ent response durlng 
o testlng occurrlng at approxlmately + 1.8 table angle givlng a 
o hoverhelght of 8.6 lnches and a bow-up pltch angle of + 4. This lS 
followed by another sharp response as the stern rlses glvlng a 
o hoverhelght of 8.2 lnches and a bow-down pltch angle of - 3. As 
ln the heave tests, an "i~i""K loss of hoverhelght occurs durlng 
forclng: 
The changes ln cush,on pressure and volume flow 
agalnst table angle lnduced by thlS resonant motlon are shown ln 
Flg. 52 c and d. The changes in cush,on pressure (16-29 mm. H20) 
are not very great conslderlng the large movement of the model, and 
3 
slmllarly for the volume flow (29-67 ft /sec). However, these changes 
are controlled to a certaln extent by the a~ount of alr gap under the 
sklrt at any tlme comblned wlth the ~elivery characterlstlcs of the 
fan, 1.e. the fan can only supply a certain amount of alr dependent 
on the cush,on pressure. ThlS lS compllcated to some degree by 
the unpredlctable 'dynamlc characterlstlc' of the fan whlch has been 
d,scussed prevlously (Sectlon 6.1.1). 
The vl01ence of the motlon ln the case dlscussed 
lS due to the cushl0n being forced at ltS natural frequency in pltch 
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produclng large sudden motions. The small changes 1n pressure and 
volume flow are probably due to the air gap produced by the craft 
rnotlon belng regulated 1n some manner 1n order to mlnlmlse the 
a1r gap at each moment of t1me, thus ma1nta1n1ng the mean cush10n 
pressure (stat1c pressure). Th1S can be seen from F1g. 52, 1f the 
extremltles of craft motlon are excluded, whereby when there 15 a 
large craft p1tch angle, there 1S a reduct10n 1n mean hoverhe1ght. 
The non-symmetry of the volume flow curve 1n part1cular 1S due, 
probably, to the effect of the des1gned a1r leak at the rear of the 
craft by the use of shortened double segments .. 
Resonance also occurs 1n the case of combined 
o p1tch and heave cons1dered (90 out of phase) (F1g. 53), w1th 
mot10n at frequenc1es above and below th1S natural frequency aga1n 
be1ng small. The mot10n of both the table and the model 1S d1ff1cult 
to represent as both p1tch and heave slmultaneously, but 1t can be 
seen, however, that sudden changes of hoverhe1ght take place w1th 
o 0 large changes 1n p1tch angle (+ 6 to - 5.5). The changes in 
cush10n pressure and volume flow dur1ng comb1ned p1tch and heave 
forc1ng are shown 1n F1g. 53 c and d and, aga1n, d,splay small 
changes when compared w1th the large model movement (11 to 31 mm. 
3 H20 pressure, and 31-67 it /sec. volume flow). 
These values are slm11ar 1n magn1tude to those 
d1scussed 1n the p1tch case, and the remarks concern1ng the effect 
of a1r gap and the attempt to ma1nta1n the mean cush10n pressure 
no doubt also apply here. 
The two cases of cush10n pressure presented 1n 
F1gS. 52 and 53 are aga1n Cl and C5, be1ng representat1ve of the 
behaV10ur of the cush10n as a whole. As 1n the f1xed model tests 
where the d1str1but10n of pressure 1n the cush10n was reasonably 
constant at any t1me, the pressure d1str1but10n for these free 
tests was also reasonably constant. The prem1se that the pressure 
~c..~ 
d1fferent1al between bow and stern ] I~ moments which impart 
p1tch1ng mot10ns to the craft is therefore not va11d 1n th1S case. 
It was found from a s1mple pitch st1ffness test on the craft at 
1tS weight of 330 Ibf. that the craft tended to pitch bow down 
w1th a p1tch centre aft of the centre of graV1ty and V1ce-versa 
for a stern down p1tch cond1t10n. Th1S resulted 1n a loss of mean 
hoverhe1ght 1n addit10n to its 1nduced p1tch angle. The mean 
centre of pressure (C.P.) Sh1ft per degree for pitch st1ffness 
o 0 
was found to be 1% over the range tested of + 2.5 to - 2.5 . 
Th1S 1S 1n fa1r agreement w1th that measured full scale (See F1g. 55). 
The loss of hoverhelght coupled w1th the pltch angle of the craft 
prov1ded a large 1ncrease 1n cushlon area on the downgo1ng end 
by compress10n of the skirt in that reg10n, thereby produclng a 
cons1derable movement of the C.p], and thus prov1d1ng a restor1ng 
moment. A comparison was made of the moment produced by effect1vely 
movlng the craft C.G. to produce a given p1tch angle w1th the 
moment produced by a C.P. sh1ft at that ang~e. The moment requlred 
o to produce a - 2 bow down p1tch angle was 80 Ibf.ft., Wh11st the 
C.P. sh1ft was calculated at 3 1nches resulting in a restoring moment 
of 82.5 Ibf.ft. 
It can be seen therefore that stlffness of the 
cush10n ln p1tch 1S prov1ded completely by the change ln the centre 
of pressure as the p1tch angle lncreases. Th1S was the des1gn 
cr1ter10n for the H.D.L.-type sk1rt to prov1de 1nherent stab111ty 
(see Ref. 20) and therefore conflrms the des1gn ph110sophy. 
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7.3 General D1SCUSSlon of Experlmental Work 
Wlth the recordlng of such a volume of experlmental data, 
the questlon of accuracy of measurement becomes an lmportant factor. 
The repeatablllty of measurement of pressures and volume 
flow has been excellent, and the use of electron1C m1crornanometers 
for measurement of both pressures and volume flow rate has enabled 
accurate data to be obtalned, although some doubt has been cast 
(Sectlon 6.1.1) on the volume flow measurement due to the use of 
a statlc callbratlon for dynamlc tests. However, as the volume flow 
was monltored contlnuously throughout each test, at least seventeen 
cycles were recorded, and these gave repeatable results wlthin the 
range 0-2%. ThlS accuracy then gave a baS1S on WhlCh to treat the 
pressur7 measurements w1th conf1dence. 
The effect of plpe length on the attenuation of the 
pressure slgnal was lnvestlgated experlmentally and lt was found that, 
for the pressures and length of plpe belng used for the tests, no 
detectable dlfference in pressure level was recorded. 
Fan speed was measured wlth a D.e. tachogenerator 
as mentloned prevlously (Sectlon 6.3) and agaln accurate, repeatable 
results were obta1ned. There was some dr1ft dur1ng anyone test run 
+ but thlS was of the order of a maxlmum of - 10 r.p.m. at a nomlnal 
1500 r.p.m. Whllst thlS error looks large on the scale of the graphs 
as shown (Figs. 15, 41-44), the actual fan speed remalns senslbly 
constant. 
The forclng surface dlsplacement and ,Pl tch angle, and 
also the model hoverhelght and pltch angle were determlned by Ilnear 
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potent,ometers, the model ones be,ng connected r'g,dly to rotary 
potent,ometers wh,ch enabled the angle through wh,ch the model potent,ometers 
moved to be determ,ned as the model moved long,tud,nally. The read,ngs 
from the model l'near and rotary potentiometers comb,ned then gave a 
true hoverhe,ght value by 'tr,angulat,on'. These potentiometers gave 
accurate read,ngs when compared w,th a measured value, and suffered 
from little dr,ft. Heave values of d,splacement (both model and table) 
generally were rel,able w,th,n 2%, wh,lst for pitch angle wh,ch 
obv,ously rel,ed on two 'errors', rarely exceeded 4%. 
7.4 Sk,rt Behav,our 
Observat,on of the sk,rt behav,our on the model craft 
has bee~ ment,oned prev,ously ,n Sect,on 5, and has been cons,dered 
, 
as a maJor factor 'n the pred,ct,on of cushion behaviour dur,ng 
forc,ng. 
The segments had a d,st,nct 'knuckl,ng' effect dur,ng 
forc,ng ,n heave, bend,ng cons,derably about a po,nt approx,mately 
one-th,rd up the segment from ,ts lower edge. Th,s may be due to 
the ,nner half-segment st,ffen,ng the upper.port,on of the segment, 
but nevertheless th,s effect has been noticed on full scale craft 
where there has been cons,derable wear about th,s one-th,rd po,nt. 
The return of the sk,rt from ,ts deflected state to being fully 
extended 's accompan,ed by a sharp 'crack,ng' sound at h1gher 
frequenc1es and thus ,nd1cates the amount of energy ,mparted to the 
segments. A c1ne-f11m was taken of the sk1rt behav10ur at a number 
of heave forc1ng frequenc1es w1th the model f,xed. Th1S showed qU1te 
clearly the mot,on of the segments dur1ng a forc1ng cycle as they 
followed the table upwards, rema1ned 1n the deflected pos1t10n for 
some t1me as the table 'descended, and f1nally 'cracked' back into 
the extended pos1t10n to complete the cycle. The 'knuckling' 
behav10ur 1S also shown, but a most interest1ng effect is the 
apparent part1al reversal of the lower portion of the segment 
1.e. the segment turns 1ns1de out as the forc1ng surface moves 
away from the f1xed model. Th1S effect takes place very qU1ckly, 
over a t1me 1nterval of the order of 0.1 sec., and could only be 
seen with the f11m slowed down cons1derably. If th1S phenomeno"L 
occurs full scale, 1t may contribute to the apprec1able wear 
problem of the lower port10n of segments. How 1t can be overcome 
1S not known at th1S stage. 
The Sk1rt loop showed no instab111ty and moved 
upwards .and downwards as necessary 1n an attempt to keep the 
segment t1PS 1n contact w1th the surface dur1ng forc1ng. Some 
local wear d1d occur as the loop rolled over the outer edge of the 
plenum w1th the cush10n compressed, but th1S 1S probably the result 
of an attachment problem w1th model sk1rts, 1.e. they are too 
small to be attached to the hull w1th 'p1ano~type h1nges to ass1st 
the rol11ng mot10n. 
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8. CORRELATION OF EXPERI~ffiNTAL AND THEORETICAL RESULTS 
8.1 Heave, Model Flxed 
As the theory of IVheatley (Ref. 8) was belng used as 
a baS1S for theoretlcal correlatlon wlth experlmental results, an 
lnltlal attempt at correlatlon uSlng thlS theory unaltered was 
made. It was found from the fan characterlstlc that the values of 
pressure and volume flow at the design pOlnt were 27 mm. H20 and 
3 48.5 ft /sec. respectlvely. ThlS gave a value for the parameter F 
(see Sectlon 4.2 and F1g. 6) of - 1.31, result1ng 1n a value of 
fl of 0.46. The equ1valent leak he1ght, h , was found to be 
e 
1.24 1n., (see Sect10n 5) wh1le the value of Pc' the ratio of 
cush10n pressure to fan head was taken at a mean of 0.89 derlved 
from the 'zero' speed forc1ng tests. 
The curves obtalned from thlS analysls are glven 1n 
FlgS. 16 - 23 lnclus1ve together wlth the exper1mental results and 
the extended analys1s of Sect10n 5. 
IVheatley assumed small mot1ons ~f the hovercraft wh1ch 
slmpl1fled his cush,on equat10ns (Sect1on 4.2), whilst the tests 
carrled out dur1ng the research descrlbed In this thes1S involved 
relat1vely large deflect10ns relatlve to the cushlon depth. 
These assumpt10ns would seem to be valld for small deflectlons, however, 
by conslderlng the Ilnearlty of the centre port1on of the curve In 
F1g. 16. Although the correlat1on wlth the exper1mental results 
1S reasonable at low amplltudes and forc1ng frequenc1es, a wlde 
dev1atlon from the exper1mental results occurs, partlcularly w1th 
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the forc~ng surface below the equ~l~br~um pos~t~on, as the frequency 
and ampl~tude ~ncrease. 
One of the most s~gn~f~cant ~mprovements ~n a theoret~cal 
correlat~on w~th exper~mental results occurred w~th the substitut10n 
of a quadrat1c expreSS10n for the fan character1st1c (F~g. 6) ~nstead 
of the 11near express10n of Wheatley. As changes 1n pressure and 
volume flow about the des~gn po~nt were large, the l~near express~on 
became 1nval~d and a more accurate est1rnat1on of fan head, H, was 
made w~th the quadrat~c equat~on (Equat~on 5.1). Th~s substitut~on 
1ncurred some m1nor problems regard1ng computation of results 
wh~ch were eased by the model be~ng f~xed, as a unique relat10nship 
between 'hoverhe1ght' and cushion pressure could be obta1ned over 
a wide range, by analys1s of the 'zero' speed forc1ng tests 
(Section 6.4.1) at the h~ghest amp11tude poss~ble. 
The extended analys1s of Section 5, wh1ch 1ncludes the 
above Subst1tut10n, g1ves a far better correlat~on with 
exper1mental results than other approaches attempted. 
(see Figs. 16 - 23 1nclus1ve). Generally there 1S reasonable 
agreement over a complete cycle w1th exper1ment, apart 1rom some 
small except~ons, the most marked except10n.be1ng shown in F1g. 19, 
where damp1ng 1S present for part of the downward stroke. It 1S 
felt that th1S 1S due to sk1rt deformat10n wh~ch 1n th1S case was 
part1cularly v101ent (see Sect10n 7.4). 
It was found dur1ng the course of correlat10n of results 
that the equ1valent leak he~ght, h , as def~ned by Wheatley was 
e 
d~ff1cult to measure, and that s1gnif1cant errors could occur 1n 
the pred1ct10n of pressure changes through small changes in (h ). 
e 
The value 1ncluded 1n the analys1s was used after close scrut1ny 
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of both the model and 1tS deta11ed draw1ngs as ment10ned 1n 
Sect10n 5. However, 1t was found that the slope of the static 
st1ffness curve at the equ111br1um pos1t10n was also g1ven 
theoret1cally by the st1ffness term 1n lVheatley V1Z:- - 2 Pc.fl 
he 
Th1S 1ndicated that (h ) was of the r1ght order of magn1tude and 
e 
tha~ if the proposed method of prediction was used, (h) would 
e 
not need to be measured hence e11m1nating a possible large source 
of error. 
The proposed extens10n and modif1cat10n to Wheatley's 
theory has g1ven a far better correlat10n w1th exper1mental results 
than any other method tried, and 1t 1S now felt, as a re~ult, that 
th1S could be a va11d method of est1mat1ng cush10n behav10ur during 
forc1ng for the table amp11tudes and forcing frequenc1es 1nvest1gated. 
8.2 Heave, Model Free 
It had been hoped to use the mod1f1ed theory developed 
1n the fixed model tests w1thout alterat10n 1n order to est1mate 
craft behaviour when free. The prev10us sect10n (8.1) ment10ned 
that a un1que relat10nsh1p was obta1nable between cush10n pressure, 
volume flow and table d1splacement by analys1s of the 'zero' frequency 
forc1ng tests on the f1xed model. Th1S relat10nsh1p was found to be 
necessary 1n order to Subst1tute a quadrat1c expreSS10n for the fan 
character1st1c. However, w1th the model free, a un1que relat10nsh1p 
was not obta1nable between the var10US parameters and th1S 
precluded the use of the quadrat1c expreSS10n for the characterist1c. 
It was hoped that relat1ve d1splacements between the forc1ng surface 
and model hovercraft would be small, and therefore a 11near 
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relat~onsh~p for the fan character~st~c would be a reasonable 
assumpt~on and errors ~ntroduced would be m~n~m~sed. 
The 11near values of st1ffness and damping, obta1ned 
from Wheatley's theory as 2940 Ibf/ft. and 238 Ibf.sec/ft. 
respect1vely were subst1tuted, together w1th a craft mass of 330 lb. 
1n standard equat10ns (Ref. 19) to obta1n the amp11tude rat10 
between model and forc1ng surface movements, and also the phase lag 
between the output and 1nput response. 
These equat10ns g1ve the modulus of the amp11tude ratio, 
2 2 
k + (c;:') 
+ 
where X 1S the movement of the model and Y that of the forc1ng 
surface, 
and Phase Lag 0 = 
These results are plotted 1n F1gS. 45 and 46, w1th a 
theoret1cal natural frequency of 2.62 Hz obta1ned from the amp11tude 
rat10 curve (1.e. when the amp11tude rat10 1S 1, other than that at 
zero, ~/~n = [2). These curves are representat1ve of a 
damp1ng rat1o, 5, of 0.65. 
It can be seen from these f1gures that correlat1on w1th 
exper1mental results 1S reasonable 1n the range O<~~n< 0.8 
and W/~n > 1.3 for the amplitude rat1o, but the phase angle only 
agrees 1n the range O<~/wn< 0.9. The non-l1near1ty of the 
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system 1S aga1n demonstrated as 1n Sect10n 8.1, w1th the sharp 
dev1ation of the amp11tude rat10 curve 1n the range 0.8.(~n ~ 1.3 
Wh1Ch is more 1nd1cat1ve of a damp1ng ratio ~ = 0.3. 
However, desp1te these d1fferences, calculat10ns were 
made of cush10n pressure change and hoverhe1ght change due to forc1ng 
aga1nst the d1splacement of the forc1ng surface. S1m1lar to the 
f1nd1ngs of the f1xed model tests, damping was assumed to eX1st 
only when the cush10n was be1ng compressed, 1.e. when the hoverheight 
was decreasing. Sample solutions are shown 1n F1gS. 47 - 51 1nclus1ve 
where they are compared w1th exper1mental results on a 'staggered' 
zero bas1s. It can be seen that prediction of cushion pressure 
changes throughout the range of tests are reasonable part1cularly 
1n d1splaY1ng the change 1n levels of damp1ng (shown by the reversals 
of the cush10n pressure curves). The correlat1on of hoverheight 
w1th surface d1splacement 1S not as good except at low forc1ng 
frequenc1es. This 1S probably due to two reasons; one be1ng the 
sharp peak 1n the experimental amplitude rat10 curves, but secondly 
and probably more important, the w1de d1spar1ty between experimental 
and theoret1cal phase lag angles above ~/~n = 0.9. It 1S not known, 
as yet, how th1S d1spar1ty can be amended, other than by a Soph1st1cated 
1terat1on techn1que Wh1Ch can take account of the var10US system 
non-llnearitles. 
It was hoped, also, to compare the exper1mental results 
w1th the output of the computer program developed by Hogben and Reynolds 
but as ment10ned prev10usly (Section 4.3) the program has problems 
that have not yet been solved. 
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8.3 P1tch, and Comb1ned P1tch and Heave 
No slmple theoret1cal analys1s has be~n developed as yet 
to pred1ct cush10n behav10ur 1n pure p1tch and comb1ned p1tch and 
heave. Tr1110 1n h1S book (Ref. 20) states that the problems of 
long~tud~nal mot10n can be slmpllf1ed by cons1der1ng heave motions 
only, on the grounds that any marked p1tch1ng motion 15 unacceptable 
1n cru1s1ng cond1t10ns for any form of transport. Th1S 15 orua to a 
certa1n extent but tests W1th a free model have shown tha~ at 
certaln forc1ng frequenc1es, large pltchlng motlons can occur 
(see F1gS. 52 and 53 and Sect10n 7.2.2), although away from these 
resonances, motion is relatively smooth and p1tch1ng angles 
low (! 0.50 ) while the craft 1S forced in p1tch and combined pitch 
'. 
and heave. 
There would appear, therefore, that there is no need for 
a theory to be developed for these mot1ons but to relate all mot10n 
1n terms of heave only. Low values of damp1ng occur due to p1tch 
forc1ng (F1g. 52) but, 1n comb1ned heave and p1tch forc1ng (F1g. 53), 
damp1ng 1S greater, due probably to the effect of heav1ng. However, 
for forcing frequenc1es of the order of the natural frequency, it 
may be necessary to pred1ct p1tch1ng mot1ons 1n order that the 
overall craft mot1on can be est1mated. CUsh10n pressure changes in 
p1tch may be pred1cted 1n a manner slmilar to that suggested 1n 
Sect10n 5 for pure heave. 
The relat10nsh1p between cush10n pressure and table 
p1tch angle 15 taken as a baS1S for a poss1ble method of pred1ction 
and th1S relat10nsh1p 1S obtainable from the 'zero' forc1ng frequency 
test p1tch on a f,xed model. Th1S is shown d1agrammat1cally as the 
SOlld 11ne 1n F1g. 54. As 1n the heave pred1ct1on damp1ng 15 
assumed to occur only as the cush10n 15 compressed and 1n p1tch 
th1s w111 occur tW1ce; (a) when the bow skirt 1S compressed and 
(b) when the stern sk1rt is compressed. The value of th1S damp1ng 
15 d1ff1cult to assess, but the method suggested w111 give r1se 
to the add1t10nal pressure change 1nd1cated by the dotted 11nes 
1n F1g. 54. Th1S 1S of course a very tentat1ve approach at present 
but the shape of the curve obta1ned and the sense of that change 
1nd1cated by the arrows on the diagram is slm11ar to that of an 
actual pure p1tch case (F1g. 41). 
It is also felt that, as coupl1ng 1S low between pitch 
and heave, a summat10n method may be possible to pred1ct changes 
dur1ng comb1ned p1tch and heave forcing. 
However, as these approaches are tentat1ve only and 
no theory has been developed prev10usly for these cases, no correlation 
w1th experimental results has thus been possible and further work 
15 necessary part1cularly 1n the assessment of p1tch damping which 
15 relatlvely small. 
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9. CONCLUSIONS AND RECO~ThffiNDATIONS 
Tests have been carr1ed out on a f1xed, and later a free, 
model hovercraft to determ1ne the response to s1nus01dal 1nputs 1n 
heave, pltch, and comblned pltch and heave. The results from 
these tests have been correlated w1th theoretical predict10ns of 
pressure change w1th1n the a1r cushlon. 
The ma1n conclus10ns are as follows:-
1. Over the range of amp11tudes and forc1ng frequencies tested, 
fan speed rema1ned sens1bly constant throughout. This 
conf1rms reports of 11ttle variat10n 1n fan speed on 
full-scale craft, e.g. SR.N6. 
2. Dur1ng forc1ng 1n heave, pitch, and heave and p1tch 
comb1nat10ns, the pressure d1str1but10n over the base of 
the craft was sens1bly constant at any 1nstant 1n t1me 
(w1th perhaps some S11ght local var1at10n) 1.e. cush10n 
pressure or plenum pressure 1S d1spla~ement (1.e. t1me) 
dependent only. The stiffness of the a1r cush10n 1n 
p1tch was therefore not provlded by a pressure 
gradient in the a1r cush10n, but was found to be 
attr1butable solely to the sh1ft of the centre of pressure 
of the cush10n, thus prov1d1ng a restor1ng moment. Th1S 
de,r.onstrates the des1gned 1nherent stab1l1ty of the 
H.D.L.-type sk1rt. The pitch st1ffness of the model 
hovercraft was found to be 1.0% C.P. sh1ft/degree over the 
range +2.50 to-2.5°, a result which 1S 1n fair agreement 
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w1th that of H.D.2 full-scale. 
3. The changes 1n cush10n pressure predicted by the theory 
of Wheatley correlate reasonably well w1th exper1mental 
results at low values of ampl1tude and forc1ng frequency. 
However, the st1ffness term derived by Wheatley can 
1ntroduce large errors 1n the predicted values unless care 
1S taken 1n the measurement of the equ1valent leak 
height (h ). 
e 
4. The behav10ur of the sk1rt of a hovercraft may be a crucial 
factor 1n the overall behaviour of the craft and affect 
both the st1ffness and the damping of a craft at a g1ven 
1nstant. The model sk1rt, 1n th1S case, followed the 
mot10n of the forc1ng surface Wh1lst the cush10n was 
compressed, but as the craft and forc1ng surface moved 
apart the sk1rt tended to rema1n in 1ts compressed state 
for an apprec1able t1me before f1nally 'crack1ng' back 
1nto 1tS extended pos1t10n. Th1S observat1on led to the 
concept of a 'dynam1c st1ffness' of the a1r cush10n in 
heave, and also that damp1ng may be cons1dered to be 
present only when the cush10n is be1ng compressed, the 
rema1nder of the mot10n be1ng dom1nated by the st1ffness 
term. The use of the tdynam~c' stiffness concept e11mlnates 
the necesslty to measure h , as the st1ffness 1S 
e 
measured d1rectly from the results of a 'zero' speed 
forc1ng test as d1scussed 1n this thes1s. 
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5. The forc1ng of the a1r cushlon through large amplltudes 
glv1ng correspond1ngly large changes 1n cush10n pressure 
and air volume flow 1nvalldates the use of a linear 
relatlonsh1p for the fan character1st1c, and the 
Substltut10n of a quadratlc expreSS10n was felt to be 
more accurate. However, at the h1gher frequenc1es of 
forc1ng, the pred1ct1on of air volume flow 1S d,ff,cult 
to obta1n as the pressure-volume flow relatlonsh1p 
of the stat1c fan character1st1c 1S not followed. It 
1S felt that some form of dynam1c character1st1c as suggested 
by Benson and Wh1tf1eld (Ref. 15) may hold, but further 
work is needed in th1S area both exper1mentally and 
theoret1cally. Nevertheless, the use of a quadratic 
expresslon, desp1te the Ilm1tat1ons, coupled w1th 4. above, 
has glven r1se to theoretical pred1ct1ons wh1ch correlate 
well with exper1mental results over the range of 
amplitude and frequenc1es tested. 
6. The theory of Wheatley applied only to heave mot1ons and 
has been extended on th1S bas1s. Further work 1S requ1red 
on the extended theory ma1nly on the bas1s of 5. above, 
for the accurate pred1ctlon of volume flow changes. The 
extens10n of the theory to cover p1tch, and comb1ned heave and 
p1tch mot1ons has been suggested, and a tentat1ve analys1s 
shows Ilttle coupl1ng between p1tch and heave thus 
slmpl1fY1ng the problem. It 1S felt that further 
theoret1cal assessments could be made of the p1tch cases 
1n order that craft behaV10ur can be completely understood. 
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TABLE 1 
Tests Analysed Model F~xed 
FAN SPEED TABLE AMPLITUDE (m.) 
(rev/m~n) 
noml.nal + + 2" + 3" _ 1" 
-
HEAVE 
1350 1 - -
1425 ' 1 
- -
1500 0,1,2,4 0,1,2 1 
1610 1 - -
1725 1 - -
1800 1 - -
PITCH 
1350 1 - -
1425 1 - -
1500 0,1,2,3,4 0,1,2 1 
1610 , 1 - -
1725 1 - -
1800 1 - -
PITCH & HEAVE (90°) 
1350 1 - -
1425 1 - -
1500 0,1,2 0,1,2 1 
1610 1 - -
1725 1 - -
1800 1 - -
. 
I 
PITCH & HEAVE (45°) 
1500 0,1,2 0,1,2 -
PITCH & HEAVE (135°) 
1500 0,1,2 0,1,2 -
Note:- F~gures l.n Columns 2,3 and 4 refer to table speed (H~) as set on 
a tachometer. For actual values refer to the relevant graphs. 
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